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METHODS AND COMPOSITIONS FOR TREATING MAMMALIAN 

SPINAL CORD INJURIES 

5 

This invention was made with government support under grant 
number DAM D1 7-94- J-4242 awarded by the Department of the Army and 
grant number BES9631560 awarded by the National Science Foundation. 
The Government has certain rights in the invention. 

10 

CROSS-REFERENCE TO RELATED APPLICATIONS 

The present application claims the benefit of U.S. Provisional 
Application Serial Number 60/108,145, filed on November 12, 1998, which 
is hereby incorporated by reference in its entirety. 
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BACKGROUND OF THE INVENTION 

The present invention relates generally to methods for treating an 
injured spinal cord. Specifically, the invention relates to methods for 
treating an injured spinal cord that include contacting the spinal cord with a 

20 biomembrane fusion agent. Pharmaceutical compositions for treating an 
injured spinal cord are also described. 

The devastating effects of injury to the mammalian spinal cord are 
not immediate. Severe mechanical injury initiates a delayed destruction of 
spinal cord tissue producing a loss in nerve impulse conduction associated 

25 with a progressive local dissolution of nerve fibers (axons) [Honmou, O. 
and Young, W. (1995) The Axon (Waxman, S.G., et al., Eds.) pp. 480-529, 
Oxford University Press, New York; Griffin, J.W. et al. (1995) The Axon 
(Waxman, S.G., et al., Eds.) pp. 375-390, Oxford University Press, New 
York]. This loss of sensory and motor communication across the injury site 

30 can produce a permanent paralysis and loss of sensation in regions below 
the level of the spinal injury. Furthermore, it is clear the most damaging 
effects of progressive "secondary injury" [Young, W. (1993) J. Emerg. Med. 
1 1 : 13-22] of spinal cord parenchyma relative to the loss of behavioral 
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functioning is the effect it has on white matter. Localized mechanical, 
biochemical, and anoxic/ischemic injury to white matter may be sufficient to 
cause the failure of axolemmas to function as a barrier or fence to the 
unregulated exchange of ions [Honmou, O. and Young, W. (1995) The 

5 Axon (Waxman, S.G., et al., Eds.) pp. 480-529, Oxford University Press, 
New York]. This in turn compromises both the structural integrity of this 
region of the nerve fiber and its ability to conduct impulses along the cable. 
For example, elevated intracellular Ca 2+ induces depolymerization of 
microtubules and microfilaments producing a focal destruction of the 

10 cytoskeleton Griffin, J.W. et al. (1995) The Axon (Waxman, S.G., et al., 
Eds.) pp. 375-390, Oxford University Press, New York]; Maxwell, W.L., et 
al. (1995) J. Neurocytology 24:925-942]; Maxwell, W.L., et al. J. 
Neurotrauma 16:273-284]. When K + rushes down its electrochemical 
gradient out of the cell, the resultant elevated extracellular concentration 

15 contributes to localized conduction block [Honmou, O. and Young, W. 
(1995) The Axon (Waxman, S.G., et al., Eds.) pp. 480-529, Oxford 
University Press, New York; Shi, R. etal., (1997) Society for Neuroscience 
Abstracts, 108:16]. 

Methods and compositions for treating mammalian spinal cord 

20 injuries are needed. The present invention addresses these needs. 
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SUMMARY OF THE INVENTION 

It has been discovered that contacting an injured spinal cord of a 
vertebrate with a biomembrane fusion agent treats cellular damage such 
that function is at least partially restored. Accordingly, one aspect of the 
invention provides a method of treating an injured mammalian, preferably 
human, spinal cord that includes contacting the cord with an effective 
amount of a biomembrane fusion agent. In one form of the invention, the 
biomembrane fusion agent is a polyalkylene glycol, such as polyethylene 
glycol. In one form of the invention, a method of treating an injured 
mammalian spinal cord also includes contacting the spinal cord with an 
effective amount of a potassium channel blocker. The potassium channel 
blocker can be, for example, an amino-substituted pyridine, such as 4- 
aminopyridine. The biomembrane fusion agent is preferably a polyalkylene 
glycol, such as polyethylene glycol. 

Yet other aspects of the invention provide compositions for treating 
an injured mammalian nervous system, such as an injured mammalian 
spinal cord, that include effective amounts of a biomembrane fusion agent 
and a potassium channel blocker as described above. It has been 
unexpectedly found that such compositions synergistically treat a damaged 
spinal cord. 

It is therefore an object of the invention to provide methods and 
compositions for treating a mammalian spinal cord to at least partially 
restore nerve function. 

These and other objects and advantages of the present invention 
will be apparent from the descriptions herein. 
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BRIEF DESCRIPTION OF THE FIGURES 

FIGS. 1A-1B depict experimental apparatuses used in the study. 
FIG. 1 A depicts a top view of the double sucrose recording chamber. In 

5 FIG. 1A, from left to right, the first large compartment contains 120 mM 
KCI, the central large compartment contains the physiological test 
solutions, such as oxygenated Krebs' solution, and the third compartment 
also contains 120 mM KCI. The small chambers on either side of the 
central compartment contain 230 mM sucrose. Seals fashioned from 

10 coverslips are secured in place with high vacuum silicone grease at the 
locations shown to inhibit the exchange of the various media from one 
compartment to the next. AgAgCI electrodes for recording and stimulation 
are in series with socket connectors at the locations shown. In the top 
portion of FIG. 1 B, a side view of the apparatus used to produce a 

is standardized crush to the isolated spinal cord at its midpoint within the 

central compartment is shown. The position of the spinal cord injury within 
the central chamber is shown in the lower portion of FIG. 1B. The 
apparatuses are further described in example 1. 

20 FIG. 2 depicts electrophysiological recordings of control and PEG- 

treated guinea pig spinal cords at 10 seconds and 5 minutes after crushing 
as more fully described in example 1. Top panel: electrophysiological 
recordings show the compound action potentials (CAPs) before the 
standardized experimental crush and the immediate loss of conduction 

25 after experimental injury. Bottom panel: electrophysiological recordings 
show a typical response to acute standardized injury of the isolated spinal 
cord strip after PEG treatment. SA, stimulus artifact. 

FIG. 3 depicts a graph showing the recovery of the CAP as a 
30 percentage of the precut amplitude as a function of time post-crush. 
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Average CAPs and their standard error (SE) are displayed for 10 spinal 
cord strip for each group. 

FIGS. 4A-4D depict analyses of the CAP amplitude as a function of 
5 increased strength of stimulus in control and PEG-treated spinal cords. 
FIG. 4A depicts a series of 10 superimposed electrophysiological 
recordings showing CAPs in response to 10 separate increasing stimulus 
intensities (.015-2.0 mA, 100 us duration squarewave stimuli) prior to the 
experimental crush and 1 hour after the crush in a control preparation.. 
10 FIG. 4B is graph showing the preinjury amplitude vs. post injury amplitudes 
for 4 spinal cord strips in a modestly injured control group. FIG. 4C shows a 
graph of preinjury amplitude vs. post-injury amplitudes showing the 
hypothetical skewing of data where (a) more large caliber fibers (with a 
lower stimulus threshold) are responsible for the CAP or (c) more small 
15 caliber fibers are recruited to produce the recovered CAP following injury 
relative to unity (b). FIG. 4D shows the actual distribution of these data 
points in the PEG-treated group. 

FIGS. 5A-5C depict graphical representations of refractory period 
20 changes in control and PEG-treated spinal cords after double pulse stimuli. 
In FIG. 5A, twenty individual records of CAP responses to twin pulse stimuli 
are superimposed. The first of these twenty stimuli produced the single 
large CAP marked with the arrow. Since this first CAP is always produced 
by a stimulus of the same intensity, each of these superimposed individual 
25 electrical records was identical. From left to right, the CAP produced by the 
second stimulus is shown. Note the typical dampened amplitude of the 
second CAP when triggered during the relative refractory period followed 
by the typical plateau in amplitude produced when the second stimulus is 
applied subsequent to the relative refractory period. In FIGS. 5B and 5C, 
30 the response to the secondary stimulus (as a % of the first CAP amplitude) 
vs. the interstimulus interval is plotted for 4 untreated and PEG-treated 
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spinal cord strips, respectively. Filled circles show data points prior to the 
standardized crush injury while open circles show data points obtained 1 
hour after the injury. 

5 FIGS. 6A-6B depict electrophysiological recordings showing CAPs 

of control, and PEG/4-AP treated spinal cords. In FIG. 6A, untreated 
spinal cord strips were treated with 100 uM 4-AP at 1hour post-injury. FIG. 
In FIG. 6B, 100 uM 4-AP was administered 1 hour post-PEG application. 
In FIG. 6C, a bar graph of group data showing percent amplitude increase 

10 for 5 control and 5 PEG-treated spinal cords. 

FIG. 7 depicts a proposed mechanism of the synergistic effect of 
PEG and 4-AP as more fully described in example 2. The membrane 
lesion obtained by mechanical compression is depicted by holes. Small 
15 arrowheads represent potassium channels. 

FIG. 8 depicts the laboratory device used to stabilize and hold the 
two segments of the spinal cord together during fusion. 

20 FIGS. 9A-9I depict electrophysiological recordings in adult guinea 

pig spinal cords at 37°C. FIG 9A shows a normal compound action 
potential (CAP) recorded from a strip of ventral white matter prior to cutting 
the spinal cord. Two minutes after this record was taken, the strip was 
completely severed transversely, eliminating CAP conduction to the 

25 recording site as seen in FIG. 9B. Although the CAP began to recover 

within 15 minutes of PEG application, FIG. 9C shows the weak recovering 
compound action potential 60 minutes post transection. FIG. 9D is typical 
of all fused cords tested, where a second transection through the fusion 
plane eliminated the recovered CAP. FIGS. 9 E-H show the results of 

30 control experiments. FIG. 9E shows a typical CAP. In FIG. 9F, this CAP 
was subsequently eliminated following transection when the two segments 



of white matter were tightly abutted and treated identically to the fusion 
procedures except that PEG was not applied. In FIG. 9G, another typical 
CAP is shown. After transection, the spinal cord strips used to obtain FIG. 
9G data were loosely abutted following complete transection and PEG was 
applied. Note the lack of any recovered CAP in FIG. 9H. FIG. I shows 
another recovered CAP produced by PEG fusion at the same level of 
amplification as shown in FIG. 9C. All traces represent a computer 
average of 20 individual records. The scale bar in FIG. 9A is for FIGS. 9A, 
9B, and 9D. The scale bar in FIG. 9E is for FIGS. 9E-H. 

FIGS. 10A-10D show fluorographs of adjacent transected surfaces 
of a transected strip of guinea pig spinal cord white matter facing each 
other across a gap. About 1 .5 ul of FR was injected into segment A, and 
revealed using excitation/barrier wavelengths of 545/590 nm, respectively, 
in darkfield. The adjacent segment in B, illuminated with the same 
excitation and barrier filter combination, was injected with FE. Note the 
absence of FR filled axons in B. Images C and D are identical views to A 
and B, only illuminated with excitation/barrier wavelengths of 495/515 nm 
sufficient to reveal only the FE labeled axons seen in D. Note that in these 
control preparations, as in all unfused regions of spinal cords, dye labeled 
axons are never visualized in the segment of spinal cord not originally 
injected. The dashed lines show the approximate boundaries of a 
projection of dye labeled axons from their site of injection (out of the 
photographic field) to the plane of transection. Scale bar for A, B, C, and D 
= 500um. 

FIGS. 1 1 A-1 1 F depict fluorographs of PEG-fused regions of 
four separate spinal cords strips that were initially transected, treated with 
PEG and injected with flourescent dyes as more fully described in example 
4. The approximate plane of fusion is marked with a dashed line. An FR- 
labeled projection is showin in FIG. 1 1 A at low magnification. The 



rectangle in FIG. 1 1 A circumscribes the region shown in FIG. 1 1 B at higher 
magnification. The arrows in FIG. 1 1 B depict sites where one axon 
segment appeared to be fused to two others. In FIG. 11C, the arrows point 
to three of many terminal clubs of unfused fibers within the FE injected 

5 segment of the cord mingling with fused fibers traced across the original 
plane of transection. The arrows in FIG. 11D point to two FR-labeled fused 
axons that could be traced across to the opposite cord segment. The 
asterisk (*) marks one nearby unfused axon ending in a terminal club near 
the transection plane. In FIG. 11E, a 1 micron plastic embedded section is 

10 shown, displaying a region of axon reattachment. FIG. 1 1F is a higher 
magnification view of a plastic section adjacent to one shown in FIG. 1 1 E, 
and shows that the site of continuity is produced by a collection of 
abnormal, unmyelinated axon segments which are in continuity with 
myelinated axons in both halves of the white matter strip. The scale bars 

15 are: FIG. 11A = 50 urn, FIG. 11C = 25 urn, FIG. 11D = 20 urn, FIG. 11E = 
10 pm, and FIG. 11 F = 5 urn. 

FIG. 12A is a diagram of the sensory and motor components of the 
cutaneous trunci muscle (CTM) reflex of the guinea pig as more fully 

20 discussed in Example 5. FIGS. 12B-12D depict drawings of captured and 
superimposed video images of a guinea pig during a period of CTM 
stimulation with a monofilament probe. Two video frames were 
superimposed to show the position of the dots prior to stimulation (black 
dots) and 1/25 tn second after stimulation [red dots; see also Blight et al., 

25 (1990) J. Comp. Neurology 296: 614-633; and Borgens, R.B. and Shi, R. 
(1999) J. Faseb (in press)]. FIG. 12C shows the receptive field prior to 
spinal cord injury (green). The region circumscribed in red is a 
superimposed image 4 days post injury which shows the region of CTM 
loss. Within this region, tactile stimulation no longer produced contraction 

30 of the skin. In this sham - treated animal, CTM functioning remained 

unchanged until sacrifice 1 month post - injury. FIG. 12D shows behavioral 



recovery following PEG application: From left to right, the first drawing 
shows the normal CTM receptive field prior to spinal cord injury. The 
second drawing shows the undamaged receptive field (green) and the 
region of CTM loss (red) is shown prior to the application of PEG. The third 
5 drawing shows the same guinea pig 4 days following the application of 
PEG. The region of CTM behavioral recovery , which was observed within 
the first 6 hours post PEG application and which increased in size with time 
to restore about 29% of the area of CTM behavioral loss by 4 days post 
injury, is outlined in blue. 

10 

FIG. 13A depicts an experimental setup used in the examples. 
Nerve impulse pathways were interrupted by crushing the spinal cord in the 
midthoracic region (red circuit). A control procedure demonstrated that a 
failure to detect SSEPs was due to a failure of ascending nerve impulse 
15 conduction through the lesion by stimulation of a neural circuit unaffected 
by the injury (blue circuit). 

FIGS. 13B-D depict SSEP electrical recordings. The top panel of 
FIG. 13B shows a complete somatosensory evoked potential (SSEP) 

20 electrical recording in an uninjured guinea pig. The lower panel of FIG. 
13B shows the three individual traces used to produce the averaged signal 
seen in the top panel. SA = stimulus artifact; P1 = first arriving SSEP 
(latency = about18 ms); P 2 = late arriving potentials (latency = about 34 
ms). The arrow in the lower panel of FIG. 13B points to a typical SSEP in 

25 response to median nerve stimulation, showing interruption in conduction 
was due to the lesion. Below the median nerve control response, an SSEP 
in response to tibial nerve stimulation 4 days post-injury is depicted. In 
FIG. 13C, SSEPs are shown before and after PEG application. From top to 
bottom: a typical SSEP prior to spinal cord injury; an SSEP showing 

30 immediate loss of the SSEP following injury; SSEP of a median nerve 

control; SSEP 1 hour post PEG; SSEP 1 day post PEG; and SSEP 4 days 
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post-PEG. FIG. 13D depicts a graph of the mean and standard error of 
both amplitude and latency of the early arriving (PI) SSEPs in 10 PEG- 
treated animals as a function of time after crush. 

5 FIGS. 14A-14C depict SSEP electrical recordings in control guinea 

pigs and guinea pigs treated with PEG at various times postcrush. FIG. 
14A shows a typical SSEP prior to compression of the spinal cord and its 
elimination following injury as in FIGS. 13B-13D. FIG. 14B depicts SSEP 
electrical recordings of control, sham-treated animals, after various 

10 indicated time periods. SA = stimulus artifact; P1 = first arriving SSEP 
(latency = about18 ms); P 2 = late arriving potentials (latency = about 34 
ms). FIG. 14C depicts an electrical recording showing SSEPs after 
delayed treatment with PEG. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 



For the purposes of promoting an understanding of the principles of 
the invention, reference will now be made to preferred embodiments and 

5 specific language will be used to describe the same. It will nevertheless be 
understood that no limitation of the scope of the invention is thereby 
intended, such alterations and further modifications of the invention, and 
such further applications of the principles of the invention as illustrated 
herein, being contemplated as would normally occur to one skilled in the art 

10 to which the invention relates. 

The present invention provides methods and compositions for 
treating an injured spinal cord of a vertebrate. The methods are designed 
to at least partially restore nerve function in the vertebrate. In one aspect 
of the invention, methods are provided for treating an injured or damaged 

15 vertebrate spinal cord that include contacting the spinal cord with an 

effective amount of a biomembrane fusion agent. The biomembrane fusion 
agent is preferably a polyalkylene glycol, such as polyethylene glycol. In 
alternative embodiments, the method may include treating the nervous 
system with a potassium channel blocker, preferably a substituted pyridine, 

20 such as an amino-substituted pyridine, either before, during or after 
contacting the spinal cord with the biomembrane fusion agent. Other 
aspects of the invention provide compositions for treating an injured 
nervous system of a vertebrate. The preferred compositions include a 
biomembrane fusion agent and a potassium channel blocker. 

25 As indicated above, in a first aspect of the invention, a method of 

treating an injured spinal cord of a vertebrate is provided. The method is 
preferably performed in vivo, although it may also be used in vitro, for 
example, in the study of spinal cord components or functionality. 

The preferred biomembrane fusion agent is a polyalkylene glycol. A 

30 wide variety of polyalkylene glycols may be used, including those, for 
example, where the alkylene group is methylene, ethylene, propylene, 
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butylene, pentylene, hexylene, heptylene, octylene, nonylene, and 
decylene, including branched and structural isomers thereof. Preferably, 
the polyalkylene glycol will be water-soluble. A more preferred 
polyalkylene glycol is polyethylene glycol. Although a wide range of 
molecular weight polyalkylene glycols may be used, polyalkylene glycols of 
molecular weight of about 400 to about 3500 daltons are preferred. Such 
biomembrane fusion agents may be synthesized by methods known to the 
art or may be purchased commercially. 

The biomembrane fusion agent may also be a polyalkylene 
glycol/protein conjugate as known in the art, wherein the protein preferably 
aids in scavenging free radicals. For example, the biomembrane fusion 
agent, such as polyethylene glycol, may be conjugated to catalase to form 
PEG-catalase, or to superoxide dismutase to form PEG-SOD. Such 
conjugates are available commercially from Sigma®, St. Louis, Mo. 

The biomembrane fusion agent may be provided in a 
pharmaceutical^ acceptable carrier. Such carriers include, for example, 
water, preferably sterile and including distilled water, and any other 
pharmaceutically acceptable carrier known to the art that will not have an 
adverse effect on the treatment. Sterile distilled water is a preferred carrier 
in work to date. Although the percentage by weight of the fusion agent in 
the composition may vary, the composition typically includes at least about 
40% of the fusion agent by weight, more preferably about 40% to about 
50% by weight, and most preferably about 50% to about 55% by weight. 

The biomembrane fusion agent is desirably applied to the site of 
injury as soon after injury as possible and prior to unreversible dissolution 
of axonal membranes and the myelin sheath. Although this time period 
may vary depending on the nature and extent of the injury, the fusion agent 
is typically applied immediately after the injury occurs, and preferably not 
later than about 24 hours post-injury, but is typically applied between about 
1 hour to about 5 hours post-injury. 
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The biomembrane fusion agent may be administered to the site of 
injury by any suitable method. For example, the agent may be applied to a 
surgically exposed injury with any suitable liquid dispensing device. The 
injured site is exposed to the fusion agent for a time period effective for 
treating the injury. This time may vary depending on the size of the lesion, 
the extent and nature of the injury, the biomembrane fusion agent used, 
and the concentration of the biomembrane fusion agent. The lesion is 
typically exposed to the agent for at least about one minute and more 
preferably at least about 2 minutes. In preferred embodiments, the fusion 
agent is removed from the injured tissue being treated prior to the 
occurrence of deleterious tissue changes. In a further preferred 
embodiment, the injured tissue is exposed to the fusion agent for no more 
than about 5 minutes. After the injured region of the nervous system is 
treated with the fusion agent, it may be removed by aspiration and the 
treated site washed with a biowashing solution, such as isotonic Kreb's 
solution as described in the examples. Excess fusion agent and/or Kreb's 
solution can then be removed by aspiration. 

In another form of the invention, the method may include contacting 
the injured site with an effective amount of a potassium channel blocker in 
addition to a biomembrane fusion agent. A variety of potassium channel 
blockers may be used, including substituted pyridines. Preferred 
potassium channel blockers include those that improve action potential 
conduction in injured tissue, including 3,4-diaminopyridine, 4- 
methylaminopyridine and ampidine. In a preferred form of the invention, 
the pyridine is substituted with an amino group, more preferably at the 4- 
position of the ring. Moreover, it has unexpectedly been discovered that 
treatment of an injured mammalian spinal cord with a potassium channel 
blocker, such as 4-aminopyridine, after treatment with a fusion agent, such 
as polyethylene glycol, can result in synergistic repair of the spinal cord. 
For example, CAPs increase in conduction when both agents are used by a 
percentage greater than the sum of the percent increase in conduction of 
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the CAPs when injured spinal cords are treated alone with either the fusion 
agent or the potassium channel blocker. 

Although the injured nervous system may be contacted with the 
potassium channel blocker prior to or at the same time as treating with the 
fusion agent, the system is preferably contacted with the blocker after the 
treatment with the fusion agent. The potassium channel blocker may be 
applied in a fashion similar to the fusion agent. The amount of the 
potassium channel blocker effective in treating or repairing the injured 
nervous system, such as injured mammalian spinal cord, will also similarly 
depend on the factors mentioned above. When the potassium channel 
blocker is 4-aminopyridine, it is typically applied at a concentration of about 
10-100 ng/ml cerebrospinal fluid and further preferably about 50-100 ng/ml 
cerebrospinal fluid. After treatment with 4-aminopyridine, it can similarly be 
removed by aspiration and the lesion site washed with the biowashing 
agent. 

In yet other forms of the invention, the method may include treating 
the injury with a polyalkylene glycol, as well as with other conventional 
management compounds and/or compositions. For example, in addition to 
treatment with a polyalkylene glycol, the injury may be treated with a 
steroid, such as methylprednisolone. 

A wide variety of injuries may be treated in the present invention. In 
various forms of the invention, the injury may arise from a compression or 
other contusion of the spinal cord, crushing of the spinal cord or severing of 
the spinal cord. 

The efficacy of the treatment may be determined in a variety of 
ways, including methods which detect restoration of nerve function. For 
example, restoration or increase in conduction of action potentials, such as 
CAPs, through the injured site may be used as an indicator that nerve 
function has at least partially been restored as described in the examples. 
Nerve function is considered to have been at least partially restored if there 
is an increase in the conduction of action potentials after treatment. 
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Preferably, the treatment will be conducted sufficiently to achieve at least 
about 10% increase in conduction of CAPs. Moreover, restoration of 
anatomical continuity may also be observed by examination with high- 
resolution light microscopy and/or by diffusion of intracellular fluorescent 
dyes through the repaired nervous tissue, such as repaired axons, or by 
direct observation of repaired axonal membranes. Additionally, in human 
applications, the efficacy of preferred treatments may be observed by the 
restoration of more than one spinal root level as determined by the 
American Spinal Injury Association (ASIA) motor score and/or the National 
Animal Spinal Cord Injury Study (NASCIS) score as know in the art and as 
described in Wagih et al., (1996) Spine 21:614-619. Furthermore, in 
veterinary applications, behavioral analysis of the cutaneous trunci muscle 
(CTM) reflex, as more fully discussed in the examples, may also be used to 
determine the efficacy of the treatment, and whether nerve function has at 
least partially been restored. Using this analysis, nerve function is 
considered to have been at least partially restored if there is an increased 
reflex behavior after treatment, but treatments are desirably preferred so as 
to achieve at least about a 10% increase in the area of CTM behavioral 
recovery. 

In yet other aspects of the invention, compositions for treating an 
injured nervous system of a vertebrate are provided. The compositions are 
designed to at least partially restore nerve function as described below. In 
one form of the invention, a composition includes effective amounts of a 
biomembrane fusion agent and a potassium channel blocker. Although a 
wide variety of biomembrane fusion agents and potassium channel 
blockers that are mentioned above may be included in the composition, a 
preferred biomembrane fusion agent is a polyalkylene glycol and a 
preferred potassium channel blocker is a substituted pyridine. In more 
preferred forms of the invention, the polyalkylene glycol is polyethylene 
glycol and the potassium channel blocker is an amino-substituted pyridine, 
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such as 4-aminopyridine. The composition may be in a pharmaceutical^ 
acceptable carrier as described above. 

Although the methods and compositions of the invention are useful 
in treating a wide variety of vertebrates, they may be advantageously used 
to treat mammals and preferably humans. Moreover, although the 
methods and compositions are advantageously and surprisingly useful in 
treating the spinal cord, they may also be used in treating the peripheral 
nervous system and/or central nervous system, or other areas in which 
damaged axons are present. 

Reference will now be made to specific examples illustrating the 
compositions and methods described above. It is to be understood that the 
examples are provided to illustrate preferred embodiments and that no 
limitation to the scope of the invention is intended thereby. 

EXAMPLE 1 

Acute In Vitro Response of Crushed Spinal Cord to PEG 

This example demonstrates that compound action potentials are 
restored in a compressed spinal cord in vitro after it is treated with PEG. 

In Vitro Isolation of the Spinal Cord 

Adult female guinea pigs of 350-500 gram body weight were used 
for these studies. The spinal cord was isolated from deeply anesthetized 
animals [(60 mg/kg ketamine hydrochloride, 0.6 mg/kg acepromazine 
maleate, and 10 mg/kg xylazine, intramuscularly (i.m.)]. Following 
anesthesia, the animal was perfused transcardially with cold (15°C) Krebs' 
solution (NaCI, 124 mM; KCI, 2 mM; KH 2 P04, 1.2 mM; MgS04, 1.3 mM; 
CaCI 2 ,1.2 mM; dextrose, 10 mM; NaHC0 3 ,26 mM; sodium ascorbate, 10 
mM; equilibrated with 95% 0 2 , and 5% C0 2 ). The vertebral column was 
rapidly removed using bone forceps and scissors by previously described 
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techniques [Shi, R. and Blight, A.R. (1996) J. of Neurophysiology, 
76(3): 1572-1 579; Shi, R. and Blight, A.R. (1997) Neuroscience 77(2):553- 
562]. The spinal cord was divided into four longitudinal strips, first by 
midline sagittal division, then by separating the dorsal and ventral halves 
with a scalpel blade against a plastic block. Only the ventral white matter 
was used for this study. These 35-38 mm long strips of spinal cord white 
matter will usually be referred to below as "cords" or "spinal cords" for ease 
of description. Spinal cords were maintained in continuously oxygenated 
Krebs' solution for an hour before mounting them within the recording 
chamber. This was to ensure their recovery from dissection before 
experiments were begun. 

Double Sucrose Gap Recording Technique 

The double sucrose gap recording chamber is shown in FIGS. 1A 
and !B and has already been described in previous publications [Shi, R. 
and Blight, A.R. (1996) J. of Neurophysiology, 76(3):1 572-1 579; Shi, R. 
and Blight, A.R. (1997) Neuroscience 77(2):553-562]. Briefly, the strip of 
isolated spinal cord white matter was supported in the three-compartment 
chamber. The central compartment was continuously superfused with 
oxygenated Krebs' solution (about 2 ml/min) with a peristaltic pump. The 
compartments at both ends were filled with isotonic (120 mM) potassium 
chloride, and the gap channels with 230 mM sucrose. The white matter 
strip was sealed on either side of the sucrose gap channels with shaped 
fragments of glass coverslips that also blocked the flow of fluid in the 
narrow gap between the coverslip and the tissue surface. Note that the 
central chamber is at ground potential for recording. The sucrose solution 
was run continuously through the gap at a rate of 1 ml/min. Axons within 
the spinal cord strip were stimulated and compound action potentials 
(CAPs) were recorded at the opposite end of the white matter strip by 
silver-silver chloride electrodes positioned within the side chambers and the 
central bath as shown in FIG. 1B. Specifically, action potentials were 



stimulated at the left side of the spinal cord strip as shown in the figure, 
conducted through the spinal cord in the central compartment (also 
including the injury site), and recorded at the right side of the spinal cord 
strip as shown. Stimuli were delivered through stimulus isolation units in 

5 the form of 0.1 msec constant current unipolar pulses. A conventional 
bridge amplifier with capacity compensation (Neurodata Instruments) was 
used to amplify the signal. This data was digitized and stored on video 
tape with a Neurodata Instruments Neurocorder for subsequent analysis. 
During the experiment, the oxygenated Krebs' solution continuously 

10 perfused the isolated spinal cord tract, while temperature was maintained 
at 37°C. 

Every electrophysiological test was digitized in real time and 
captured to the computer for subsequent quantitative evaluation. All 
records were also recorded on VHS magnetic tape as a means of back up 
15 documentation. All solutions used in the PEG repair process were made 
on the day of their use. 

The Compression Injury 

A standardized compression injury was produced with a 

20 stepper-motor controlled rod which compressed the spinal cord while 
suspended inside the recording chamber (FIG. 1B). Briefly, the isolated 
white matter strip was compressed against a flat, raised plastic, plexiglass 
stage at the center of the recording chamber with the flattened tip of a 
plexiglass rod. The tip was advanced downward to contact the tissue at a 

25 standardized rate of about 25 um/s. The downward movement of the rod 
was controlled with a stepper motor to produce a finely graded crush just 
sufficient to eliminate all CAP propagation (which was monitored 
continuously during the procedure). The end of the rod with the flattened 
tip provided a compression surface of 2.5 mm along the length of the 

30 tissue, and a transverse width of 7 mm, such that it was always wider than 
the spinal cord strip, even under full compression. Positioning of the 
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compression rod was accomplished with a micromanipulator. CAPs were 
simultaneously recorded during the injury process. Compression was 
stopped when CAPs were completely eliminated. The state of complete 
CAP failure was maintained for an additional 15 seconds before the rod 

5 was rapidly withdrawn from the cord's surface to relieve pressure. The 
recovery of the CAP was then documented. The basic recovery profile 
following such standardized compression in normal Krebs' solution has 
been previously characterized and published [Shi, R. and Blight, A.R. 
(1996) J. of Neurophysiology, 76(3): 1572-1 579] 

io PEG Repair Procedure 

The PEG repair procedure included the following steps: 

1) Typical physiological functioning of the isolated white matter strip 
removed to the recording chamber required about 1/2 to 1 hour of 
incubation time while immersed in oxygenated Krebs' to stabilize. In initial 

15 experiments, once the CAP propagation had stabilized, the Krebs' solution 
was replaced with Ca 2+ -free Krebs' (Ca 2+ replaced with an equimolar 
amount of Mg 2+ ). 

2) The spinal cord strip was then crushed by the techniques described 
20 above, while simultaneous stimulation and recording continued. 

3) A solution of PEG in distilled water (50 % by weight) was applied by a 
pressure injection through a micropipette. A vital dye was added to the 
PEG solution to monitor its continuous application to the lesion site in a 

25 stream about 0.5 mm wide for about 1-2 minutes. The PEG was applied to 
one side of the lesion, washed over it, and immediately removed by 
constant aspiration on the other side using a second pipette. 

4.) Immediately following the PEG application, the bathing media in the 
30 central chamber was replaced with a continuous stream of oxygenated 
normal Krebs' solution. The physiological properties of the PEG-treated 



20 

spinal cord were monitored continuously for 1 hour. Usually, a weak 
recovering CAP was evident within 6-15 minutes of the PEG application. 



The above-described technique should be considered as a basic 
5 one, from which testing of several variations described below was 

performed. For example, we tested the response of "recovering" axons to 
the additional application of the fast potassium channel blocker, 4- 
aminopyridine (4-AP). In this trial, 5 separate cords were treated with an 
application of PEG as described above and compared to 5 control cords. 
10 One hour after compression, 100 uM 4-AP (in Krebs' solution) was applied 
for 15 minutes and then washed free with normal Krebs' solution as 
described above. 

In a final series of experiments, a determination of whether it was 
necessary to carry out the methods of the present invention in Ca 2+ -free 
15 media was made. In these experiments, the cord was compressed while it 
was immersed in normal Krebs' solution. 

Statistical Treatment 

Before and after the application of 4-AP, Student t tests were used 
20 to compare recovering action potential amplitude between the control and 
PEG-treated group. Comparisons of action potential amplitude were also 
made between the two PEG-treated groups. 
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RESULTS 

PEG-Mediated repair of Crushed Spinal Cord Strips 

Approximately 1/2 hour following the equilibration of the spinal cord 

5 strip in the recording chamber, the Krebs' solution in the central 

compartment was replaced with a Ca 2+ -free Krebs' and the spinal cord was 
crushed by previously described techniques. In every spinal cord tested in 
this group of twenty (ten control and ten experimental), this procedure 
resulted in the immediate and total loss of CAP propagation from the point 

10 of stimulation to the point of recording. FIG. 2 shows an individual record 
of one typical control experiment and a PEG-treated experimental spinal 
cord strip. Note the immediate and complete loss of the CAP in both 
preparations, and the initial recovery of the CAP in the PEG-treated spinal 
cord by 5 minutes post treatment (FIG. 2, lower panel). Note that at the 

15 earliest time point (about 5 minutes postinjury) seen in FIG. 2, recovery of a 
CAP is never observed in the absence of PEG treatment and rarely occurs 
by 10 minutes postinjury (latter data not shown). The earliest recorded 
recoveries of a CAP occurred within 1-2 minutes following PEG treatment. 
In control preparations, 3 cords never regained conduction during the 1 

20 hour of continuous observation. In contrast, not one PEG-treated spinal 
cord providing the data summarized in FIG. 3 failed to recover CAP 
conduction following PEG treatment. In four more control spinal cords, the 
recovery of the CAP was not observed for approximately twenty minutes. 
FIG. 3 provides a summary graph of the 10 control and the 10 

25 experimental spinal cords treated and monitored identically, except for the 
experimental application of PEG to the lesion site. Note that the control 
group shows a barely detectable CAP (3.6%) even by 1 hour post injury, 
while average recovered CAPs in PEG-treated cords increase 
approximately 19%, ranging to as much as 69% of the pre-crush amplitude. 

30 PEG treatment always 1.) provided a striking increase in the amplitude of 
recorded CAPs, averaging 19% of the original pretransection amplitude 



and 2.) facilitated the CAP recovery in 100% of the cases tested. At every 
time point tested, including the 10 minute post injury period, recovered CAP 
amplitudes were statistically significantly greater than control preparations 
(P < 0.05, Student's t test, two-tailed). CAP recovery was facilitated when 

5 the injury was not carried out in Ca 2+ -free Krebs' solution. The amplitude 
of the recovered CAP in normal Krebs' at the first time point (10 minutes 
post injury) was statistically elevated over the recovered CAP observed 
when the injury was performed in Ca 2+ -free media (P<0.05; unpaired 
student t test). Every subsequent time point was still higher in this data set 

io with no reverse trends, but without statistical significance. Thus, it is seen 
in FIG. 3 that the injury need not be carried out in Ca 2+ -free media to 
produce functional repair as claimed by Bittner for invertebrate axons 
[Krause, T.L and Bittner, G.D. (1990) PNAS 87:1471-1475]. 

15 Electrophysiological Properties of the Repaired Spinal Cords 

The PEG-repaired spinal cords showed typical conduction properties 
(as observed in recovering untreated cords) however some differences in 
their electrophysiological properties were revealed by further evaluation. 
FIG. 4A shows the effect of injury on the normal recovery of CAP 

20 amplitudes. Typically, the recovered CAP was dampened in amplitude 
across all threshold intensities of excitation. We also evaluated if this 
reduced magnitude of the CAP occurred across all caliber spectra of 
injured axons within the spinal cord strip, or was manifest in only large or 
small diameter axons. FIG. 4B shows the actual amplitudes of control 

25 compound potentials at 1 hour post injury, plotted against the preinjury 
amplitude at the same stimulus intensity. A less severe injury was required 
in these spinal cords to allow an adequate range of recovered CAP 
amplitudes for this graded evaluation. In the severely injured cords, the 
maximal recovered CAPs were insufficient to adequately make these 

30 comparisons. These data points are shown relative to the maximum 
amplitude achieved prior to and after injury. A least squares linear 
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regression was not significantly different from 1:1 linearity, suggesting that 
there was no difference between the susceptibility to damage of axons of 
different stimulus thresholds. 

In FIG. 4C, two hypothetical lines are plotted, representing outcomes 
following PEG treatment. Note that if larger axons of a lowered stimulus 
threshold were more susceptible to PEG, the data would be shifted as in 
line (a). In the opposite situation, the hatched line (c) shows a shift in the 
opposite direction should small caliber axons with a higher stimulus 
threshold be repaired. In FIG. 4D, the actual data taken from the PEG- 
treated population is plotted in the same manner as in FIG. 4B. Note that 
the least square linear regression line is not significantly different from 1:1 
linearity, which is again not different from that shown in FIG. 4B. The near 
unity slope of the relation of amplitude response before and after injury 
indicated no consistent selectivity of PEG-mediated improvement of 
conduction in fibers of lower or higher threshold. In this test, the typical 
and severe standardized injury was used, since PEG-repaired cords 
showed substantial CAPs sufficient for a graded plot of their amplitudes. 

Although PEG appeared to be able to repair axons of a wide range 
of calibers similar to the natural recovery process observed in control 
cords, the electrophysiological properties of PEG-mediated recoveries was 
not the same as controls. FIG. 5A shows the classical relationship 
between the timing of paired stimuli and the amplitude of the two elicited 
CAPs. Paired stimuli in which the interstimulus interval was between 0.6 to 
15.0 ms demonstrated typical dampening of the CAP amplitude soon after 
the absolute refractory period. When the interval between the paired 
stimuli was longer than this, a plateau was reached where the first and 
second CAPs were of an identical magnitude, marking the extent of the 
relative refractory period. 

FIG. 5B shows control data derived from 4 separate experiments. 
The abscissa shows the magnitude of the second CAP of the pair as a 
percent of the magnitude of the first elicited CAP. The ordinate shows the 



log of the interstimulus interval ranging from 0.6-15 ms. This sigmoidal 
plot is typical, beginning with stimuli that do not elicit a second AP during 
the absolute refractory period, and ending at the termination of the relative 
refractory period. 

5 Furthermore, FIG. 5B shows that this relationship was not disturbed 

by the injury, as pre- and postinjury data points were not significantly 
different along this sigmoidal curve. This did not hold true, however, for 
PEG-treated spinal cords. The early and robust recovery of CAPs 
produced by PEG demonstrated a typical period of absolute refractory as 

10 before the injury and experimental treatment. Furthermore, the relative 
refractory period also appeared to terminate when a similar stimulus 
interval to control preparations was achieved. During the refractory period 
of PEG-treated cords, the amplitude of the second CAP was slightly 
reduced when compared to that before the crush and PEG treatment (FIG 

15 5C). However, this latter relationship was not statistically significant. 



EXAMPLE 2 

Potassium Channel Blockade as an Adjunct to PEG-Mediated 

Recovery of Conduction 

20 

This example shows that treatment of injured spinal cords in vitro 
with both a potassium channel blocker and a biomembrane fusion agent 
allows synergistic recovery of CAPs. 

It is a common feature of injured cells to loose intracellular 
25 potassium to the extracellular milieu through compromised membrane. In 
axons, this may be sufficient to suppress action potential conduction. 
Thus, it was attempted to determine if blockage of fast potassium channels 
with 4-AP would affect the properties of conduction immediately following 
PEG repair. 
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Spinal cords were crushed, isolated and treated with PEG as 
described in example 1 . Analysis was also performed in the double 
sucrose recording chamber as described in example 1. 

FIG. 6A shows the enhancement of the CAP in crushed (but 
untreated with PEG) spinal cord by 4-AP. In this individual record, the 
initial recovered CAP at 1 hour post injury is shown, and the enhanced 
CAP following 100 uM 4-AP treatment is superimposed upon it. Following 
documentation of the 4-AP enhanced CAP, the blocker was washed out, 
and the media in the central compartment was replaced with normal Krebs' 
solution. The CAP fell to pretreatment levels by 15 minutes and was 
indistinguishable from the original record. This final waveform is 
superimposed on the other two CAPs in FIG. 6A but cannot be 
discriminated from the pretreatment electrical record. In this single test, 4- 
AP reversibly enhanced the recovered CAP by about 40%. 

FIG. 6B shows an identical test performed on a PEG-treated spinal 
cord, in which 4-AP was administered at 1hour post PEG application. In 
this individual test, the second CAP was reversibly enhanced by about 
70%. 

Following the near doubling of the CAP, 4-AP was washed out as 
described, and the CAP fell to pretreatment levels as in controls (FIG. 6A). 

FIG. 6C shows the group data, including 5 spinal cords in each 
group. The percent enhancement of the PEG-mediated recovery for the 
group data mirrors that discussed above for the individual experiments 
(about 70% enhancement in the experimental group; about 40% in the 
control group). This experimental enhancement was statistically 
significantly greater than that observed in the controls. (p<0.05, unpaired 
Student's t test) 

Although not being limited by theory, FIG. 7 depicts a proposed 
mechanism of the synergistic effect of PEG and 4-AP. A severe 
mechanical compression of a myelinated axon is diagrammed at the top. 
Note that the myelin sheath envelops high densities of fast K + channels 
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clustered at the paranodal region. Severe crush leads to an exposure of 
the potassium channels of the paranodal region by a withdrawal or collapse 
of the myelin lamella at this site [Shi, R. and Blight, A.R. (1996) 
Neumscience 77:553-562]. Exposure of the voltage gated potassium 

5 channels after injury would elevate K + conductance further impeding 
conduction across this damaged portion of the membrane (gray region 
showing " holes " in the compromised membrane ) . In control 
preparations, partial to complete conduction block results from this 
localized disturbance of the axolemma, which may progress to complete 

10 separation of the axon and loss of the distal axonal segment by Wallerian 
degeneration (left side of FIG. 7). In PEG-treated axons (right side of FIG. 
7), the membrane repair leads to preservation of injured axons as well as 
improvements in their conduction capabilities (gray regions; membrane 
holes now sealed ). However, elevated K + conductance through K + 

15 channels that are still exposed at the site of repair in PEG-treated nerve 
fibers might still suppress conduction to some extent. Blockade of these 
channels with 4 AP (FIG. 7, small arrow heads; lower right) would be 
expected to reduce any outward K + conductance and thus enhance 
conduction. 

20 

SUMMARY OF RESULTS 

Within a few minutes after the application of the water-soluble 
polymer PEG, an immediate recovery of CAP propagation through the 
lesion occurred. The recovered CAP amplitude slowly increased with time 

25 to a peak of about 20% of the initial CAP amplitude. Moreover, this level of 
recovery was a.) always statistically significantly higher than control 
amplitudes, b.) observed at every time point tested, and c.) occurred in 
1 00% of the experimentally treated spinal cords. It is clear that a topical 
application of PEG can immediately repair severe compression injury to the 

30 mammalian spinal cord leading to significant increases in functional 

recovery as defined by the enhanced capacity to propagate nerve impulses 



through the lesion. This report is the first to demonstrate PEG-mediated 
repair of crushed mammalian nervous tissue. 

We have shown that a physiological, balanced media and the 
aforementioned PEG solution, is all that is required to produce functionally 

5 significant repair in mammalian spinal cords (see below). Moreover, in 
other experiments, where completely transected guinea pig spinal cords 
were fused with PEG, we have learned there was no specific PEG 
molecular weight critical to the process, having tested PEG solutions using 
400, 1400,1800, 2000, and 3700 daltons (unpublished observations). 

io In this physiological study, we have determined similarities and 

differences between the natural mechanisms of axonal repair and those 
mediated by PEG. First, a least squares linear regression analysis of pre- 
and postinjury CAP amplitudes suggests that PEG-mediated repair can 
occur across all levels of stimulus thresholds, reflecting axon diameters, as 

15 does the natural recovery process in untreated spinal cord strips. In other 
words, all spinal axons regardless of their caliber are equally susceptible to 
PEG mediated repair [ see Shi, R. and Blight, A.R. (1996) Neuroscience 
77:553-562 for a similar analysis of axonal recovery from compression 
injury]. The differences between natural repair and that produced by PEG 

20 application are more striking. First, this injury is very severe; 30% of 

control spinal cords never recovered any capacity to conduct CAPs during 
the 1hour period of evaluation following injury. On the other hand, there 
was no instance where PEG did not initiate a measurable physiological 
recovery. On a more subtle level, there appears to be a slightly reduced 

25 CAP amplitude during the period of relative refractory in only PEG- 
mediated CAPs relative to control cords. One explanation for this 
observation may be that in control cords a severely compromised and 
dysfunctional population of axons may become completely nonfunctional, 
revealing more normal conduction properties in that population that survive 

30 the injury. PEG may rescue a portion of such severely compromised 
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axons, recruiting them into the CAP, and perhaps accounting for its slightly 
different conduction properties. 

The above-described in vitro evaluation of the anatomy of axonal 
repair following mechanical compression has revealed that a 2 minute 
application of PEG produced sealing of membrane lesions at the site of a 
standardized compression. Sealing was indicated by the exclusion of 
horseradish peroxidase uptake by injured fibers in the PEG-treated group 
compared to sham-treated spinal cords (to be reported elsewhere). Such 
immediate repair of membrane breaches sufficient to inhibit the uptake of 
large molecular weight dyes should also arrest or reduce permeabilization, 
allowing the nonspecific flux of ions across it. Although not being limited by 
theory, we believe it is this "sealing " behavior of PEG which both restores 
excitability and reverses anatomical dissolution of the nerve fiber. 

This procedure may advantageously applied to treat severe, acute 
neurotrauma. In addition to immediate improvements in conduction, repair 
of crushed axons in peripheral nerves leading to a rescue of their distal 
segments would provide the added benefit of reducing atrophy or 
degeneration of target cells or so called "end organs." Moreover, PEG- 
mediated fusion of even transected axons could become a component of 
microsurgical grafting techniques since the conventional resection of 
peripheral nerve trunks prior to fasicular grafting exposes the severed tips 
of proximal and distal axonal segments, making them available for fusion. 

EXAMPLE 3 

Effect of PEG on Restoration of CAPs in Severed Spinal Cord Axons 

This example demonstrates that severed spinal cord axons may be 
fused with PEG, thus allowing restored conduction of CAPs through the 
lesion site. 
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In Vitro Isolation of Spinal Cord 

The spinal cord of adult female guineas pigs was isolated according 
to the protocol of example 1 . After the cord was isolated, it was halved by 
midline sagittal division. The ventral white matter was separated from gray 
5 matter with a scalpel blade against a soft plastic block. Cords were 

maintained in continuously oxygenated Krebs' solution for at least an hour 
before mounting in the recording chamber. This was to ensure the 
recovery from dissection before each experiment was begun. 

io Double Sucrose Gap Recording Technique 

The technique was followed according to the protocol in example 1 . 
The central bath was connected to instrument ground. The entire chamber 
was mounted on a Peltier temperature control system, which also 
maintained the entire preparation at 37°C. Thermistors, in the chamber 

15 next to the spinal cord, constantly recorded and displayed the temperature. 
After mounting the spinal cord in the sucrose gap chamber, recorded CAPs 
and compound membrane (Gap) potentials usually stabilized with an hour 
[Shi, R. and Blight, A.R. (1996) J. of Neurophysiology, 76(3): 1572-1 579; 
Shi, R. and Blight, A.R. (1997) Neuroscience 77(2):553-562]; Shi, R. and 

20 Borgens, R.B. (1 999) J. Neurophysiology, 81 :2406-2414. 

PEG Fusion Procedure 

The basic methodology used to fuse spinal axons was as follows: 
25 1). Restoration of typical physiological functioning of the isolated white 
matter strip removed to the recording chamber required about 1/2 to 1 
hour of incubation time while immersed in oxygenated Krebs' at 37°C. 
Once both the Gap potential and CAP propagation were normal, the spinal 
cord strip was transected. 
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2) . The spinal cord strip was completely severed with a laboratory 
fabricated cutter (a shard of a razor blade attached to an applicator stick), 
and the two ends of the spinal cord were observed to be separated by a 
gap of about 0.5-1 mm with a stereomicroscope. The spinal cord was 
transected within the middle of the central compartment of the recording 
chamber. Stimulation and recording were continued during this operation. 
Following transection, the two ends of the cord segments were "pushed 
together," i.e., abutted tightly using a watchmaker forceps and a laboratory 
fabricated device that applied gentle pressure on one segment of the spinal 
cord strip pressing and holding it against the other. The device was 
mounted on a micropositioner, and contacted the spinal cord parenchyma 
with a strip of nylon mesh stretched across two metal bands (FIG. 8). The 
metal frame of the device never contacted the spinal cord tissues during 
use. Only the nylon mesh was in contact with the tissue. Several methods 
to accomplish stabilization during the fusion process were tested, the most 
effective involved first lightly placing the mesh onto the intact cord. Once 
this was accomplished, the spinal cord strip was completely transected, 
with a gap appearing between the two segments which were then 
repositioned as discussed above. 

3) . Various solutions of PEG (1400, 1800, 2000, and 3500 daltons, 50% by 
weight in distilled water) were applied by pressure injection through a 
micropipette in preliminary experiments (data not shown), while the data 
reported here exclusively utilized PEG of having a molecular weight of 
about 1800 daltons . A vital dye was added to the PEG solution to monitor 
its application to the lesion site as a continuous stream about 0.5 mm wide 
and continuing for about 1-2 minutes. The PEG was applied to one side of 
the lesion, washed transversely across it, and was removed by constant 
aspiration on the other side using a second suction pipette. 
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4). During the PEG application, a continuous stream of oxygenated Krebs' 
solution was maintained. The electrophysiological properties of the spinal 
cord following PEG treatment was monitored continuously for 
approximately 1 hour. 

RESULTS 

Typical CAPS were recorded in response to stimulation, and were 
completely eliminated following transection of the cord between the 
stimulation and recording electrodes in every spinal cord strip tested (FIGS. 
9A and 9B). The recovery of CAPs was often observed within 5-15 minutes 
following PEG application and continued for up to 60-80 minutes, at which 
time physiological recordings were discontinued (FIGS. 9C and 91). Since 
the conduction of CAPs across the plane of transection does not occur in 
severed spinal cords, a fusion was defined as successful if a restored CAP 
was detected demonstrating properties of latency and stimulus threshold. 
In preliminary experiments, we learned that the success of an attempted 
fusion depended on the alignment and the care taken during abutment of 
the spinal cord segments prior to PEG application. The ends of the strips 
cannot be too tightly forced together or this produces more injury to the 
spinal cord. They cannot be too loosely abutted or fusion of the 
axolemmas will not take place (see below). All 20 of the attempted fusions 
reported here were succesful. Recovered CAPs were on the order of 5% 
of the peak magnitude of the original pre-transection CAPs. Note that the 
computer managed data acquisition techniques used in to obtain 
physiological recordings shown in FIGS. 9A-9I have been previously 
reported [Shi, R. and Blight, A.R. (1996) J. of Neurophysiology, 76(3): 1572- 
1579; Shi, R. and Blight, A.R. (1997) Neuroscience 77(2):553-562J 

Table 1 below provides the quantitative data derived from an 
evaluation of 20 successful fusions using 1800 dalton PEG. In preliminary 
experiments, we also achieved identical, functional fusions in a few cases 
using 1400, 2000, and 3500 dalton PEG (data not shown). 
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Table 1 . Characteristics of 20 successful fusion of mammalian 
spinal cord axons utilizing 1800 dalton PEG. 



AP amplitude 


peak latency (ms) 


1/2 height duration (ms) 


exp.# 1 
20 


pre 2 post 3 (%) 4 SEM 5 Range 6 
2.44 0.44 4.61 2.83 0.2-58.0 


pre post (%) SEM range 
0.93 1.05 114.5 871 26-227 


pre post (%) SEM range 
0.63 0.53 85.5 6.45 36-156 



5 

1 Total number of fusions carried out at 37°C 
2 Data obtained before transection. 
3 Data obtained after PEG-mediated fusion. 
4 Mean percent recovery after fusion 
io 5 Mean standard error after fusion. 
6 Range of data. 

We performed a series of control procedures to insure that restored 

CAP conduction was indeed a function of restored axonal integrity and not 
15 produced as an artifact by some alternate means of conduction. For 

example, CAPs were not conducted across the plane of transection if: 1). 

subthreshold stimulation was applied to PEG fused cords (20 cases), 2). 

the original fusion site was again transected with the cutting device (6 

cases, FIG. 9 D), 3). spinal cord segments were closely abutted in the 
20 stream of Krebs's solution, but PEG was not applied (5 cases, FIGS. 9E 

and 9F), and 4). PEG was applied to poorly abutted segments (5 cases, 

FIGS. 9G and 9H). 

25 
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EXAMPLE 4 

Effect of PEG on Anatomical Continuity of Severed Axons 

This example illustrates that PEG fuses and repairs severed axons 
such that intracellular fluorescent dyes may diffuse across the original 
transection. Moreover, the restored anatomical continuity is shown to be 
correlated with the restored ability to conduct CAPs. 

Tract Tracing with Intracellular Fluorescent Probes 

Intracellular injections of two fluorescently decorated dextrans were 
used to evaluate the integrity of formerly transected nerve fibers by 
procedures previously described [Borgens, R.B. and Bohnert, D.M. (1997) 
Exp. Neurol. 145:376-389]. Briefly, injections of about. 1-1.5 pi of one 
tracer, tetramethylrhodamine dextran or Flouroruby (FR, 8000 dalton, 
Molecular Probes Inc.), was made to one segment of the fused cord, 
approximately 4-6 mm from the original plane of transection. This label was 
observed with excitation/barrier wavelengths of 545/590 nm .respectively, 
in darkfield. Likewise, a second and similar injection of another tracer, 
FITC conjugated dextran or Flouroemerald (FE, 8000 dalton, Molecular 
Probes, Inc.) was made to the opposite segment and observed with 
excitation/barrier wavelengths of 495/515 nm, respectively. Approximately 
12-14 hours later the cords were immersion fixed in 5% 
glutaraldehyde/0.01% paraformaldehyde. This time period allowed the 
intracellular markers to diffuse throughout axons. During this incubation 
period, a continuous flow of oxygenated Krebs' solution was maintained 
through the central compartment of the recording chamber, which helped to 
eliminate any extracellular diffusion of the dye. Longitudinal horizontal 
sections (about 15-30 urn) of the spinal cord strips were made on either a 
freezing microtome or the tissue was imbedded in paraffin for sectioning by 
conventional histological technique. Each of these dyes was viewed 
independently using the appropriate barrier and filter combinations in 
fluorescent darkfield. We performed these operations on 8 PEG-treated, 
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and fused spinal cord strips. Additional control procedures were performed 
on 5 spinal cord strips to insure that dye did not travel into the opposite 
segment of the cord from where it was injected. This involved injecting the 
two dyes into cord segments as previously described; however, these 
segments were tightly abutted but not fused with PEG. 

In another 5 PEG-treated spinal cord strips, high resolution light 
microscopy was used to evaluate the plane of fusion. These fixed strips of 
spinal cord were cut to a length of about 5 mm containing the fusion plane, 
embedded in plastic by conventional methods, sectioned at 0.5 - 1 micron 
on an ultramicrotome, and stained with 1% toluidine blue. Microscopic 
images were captured directly to a Dual Pentium PRO PC from an 
Olympus Van Ox Universal microscope fitted with an Optronics DEI-750 3 
CCD video camera system. 

RESULTS 

The anatomical continuity of axons that had been fused at the plane 
of transection was correlated with the restored ability to conduct CAPs in 
13 spinal cords. This was determined by the intracellular diffusion of the 
two different fluorescent dyes across the lesion site in 8 cords and in 5 
additional cords by conventional microscopy of plastic imbedded sections. 
Axons filled with the different dyes were examined independently of each 
other by fluorescence microscopy with different excitation and barrier filter 
combinations in darkfield. FIGS. 10A-10D are typical of all 5 control 
preparations (cord segments tightly abutted but without PEG application) in 
which the potential of the dye to diffuse from one segment to the other by 
an extracellular pathway was examined. In all controls, a dye injected into 
axons of one segment was never observed within axons of the opposite 
cord segment. This was in part due to the small dye volume injected 
(about 1 .5 pi) coupled to a continuous flow of media through the central 
compartment of the recording chamber maintained during the entire 
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procedure. This eliminated the spread of dye by an extracellular diffusion 
path. 

In both control and experimentally fused cords, unfused axons 
retracted back from the transection plane for a variable distance (50 um-0.5 
mm), their terminal clubs or endbulbs clearly visible (FIG. 11C). The plane 
of transection was identifiable in PEG-fused cords as a transverse series of 
gaps and holes interspersed with well-fused regions of spinal cord 
parenchyma (FIGS. 1 1A, and 1 1D -1 1 F). We believe such gaps result 
from partial separation of the fused segments during handling prior to 
fixation as well as incomplete perfusion of the cord with PEG. Since PEG 
probably fuses some non-neuronal cells as well as neuronal processes, the 
original transection plane in well fused expanses of spinal cord was nearly 
undetectable with fluorescent microscopy sufficient for visualizing the two 
intracellular dyes. However, blue-violet fluorescent illumination induced 
some spinal cord auto fluorescence which could reveal the fusion plane in 
these regions as a very fine "seam". 

In all 8 cords in which tract tracing was performed, a recovered CAP 
was documented. In 6 of these, fibers filled from either end of the cord 
traversed the fusion plane into the adjacent segment. In 2 of these 6 strips, 
only fibers filled with FR crossed the lesion, the FE labeled segments being 
poorly filled. It was common to observe the terminal ends of unfused axons 
within a few micrometers of fused axons adjacent to them which filled along 
their lengths across the original transection (FIG. 1 1 C). In one case we 
observed axons to have fused to two or more others, producing a tangle of 
nerve fibers within the transection gap (FIGS. 1 1 A and 1 1 B). This tangle of 
fibers could also be traced to the opposite spinal cord segment. 
Additionally, note that the approximate site of dye injection in FIG. 1 1 A is to 
the left of the image and out of the field of view. In three of the five cords 
evaluated by high resolution light microscopy, unmyelinated expanses of 
myelinated axons fused at the original plane of transection (FIGS. 1 1E and 
1 1 F). In these regions membrane and myelin debris could also be seen in 
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the gap surrounding the reattached fibers. Furthermore, in FIG. 1 1E, the 
two, re-apposed ends of the white matter strip show continuity over a 
length of apposition in the middle of the frame. The plane of transection 
(dashed line) is clear from the slight gaps that remain between the ends of 
the strip at the top and bottom of the figure, which continue across the 
whole width of the tissue in the rest of the section (visible at lower 
magnification). 

SUMMARY OF THE RESULTS 

Our data show that a water soluble polymer, PEG, can be used to 
rapidly reconnect the severed halves of spinal axons within completely 
severed strips of isolated spinal cord white matter. This fusion has been 
documented by both anatomical and physiological means. In the former, 
fluorescent intracellular markers were injected into each spinal cord 
segment. In 6 cases of 8, axonal continuity across the plane of fusion was 
demonstrated. By searching the fusion plane in plastic embedded 
sections, unambiguous evidence of axonal fusion in three of five additional 
spinal cord strips was detected. 

In all five control spinal cords, the intracellular label was never 
observed in the opposite cord segment from where it was injected. This 
was largely due to the elimination of an extracellular diffusion pathway from 
the site of injection to the opposite cord segment by the flowing medium in 
the central compartment and the separation of compartments by the 
sucrose gap "boundaries". Furthermore, the presence of numerous 
terminal clubs of transected but unfused axons adjacent to well-labeled 
axons crossing the transection plane provided additional anatomical 
evidence that true fusion of severed proximal and distal axon segments 

had taken place. 

The immediate restoration of CAP propagation across the 
transection plane in completely severed spinal cords following PEG 
treatment could only have occurred coincident with the functional 
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reconnection of proximal and distal segments of axons. In control spinal 
cords, CAP conduction did not reappear following tight abutment of the 
severed segments when PEG was not applied. Furthermore, CAP 
conduction did not reappear in segments that were poorly abutted by 

5 design and also treated with PEG. Thus, PEG itself does not provide some 
sort of substrate permitting CAP conduction. We conclude that a topical 
application of PEG indeed functionally reunites severed mammalian nerve 
processes. This observation compliments and extends our demonstration 
that topically applied PEG can repair guinea pig spinal cords severely 

10 crushed by a standardized procedure leading to an immediate recovery of 
action potential propagation through the lesion [Shi, R. and Borgens, R.B. 
(1999) J. Neurophysiol. 81:2406-2414]. 

EXAMPLE 5 

15 In Vivo Effect of PEG on Restoration of the CTM Reflex in Guinea Pigs 

with Crushed Spinal Cords 

This example illustrates that in vivo treatment of crushed guinea pig 
spinal cords restores the CTM reflex. 

20 

Surgery and Anesthesia 

A total of 51 adult (300 gm) guinea pigs were used in two separate 
experiments. Guinea pigs were anesthetized with an intramuscular 
injection of 100 mg/kg ketamine HCL, and 20 mg/kg xylazine, and the 

25 spinal cord was exposed by dorsal laminectomy [Borgens, R.B., et al. 
(1986) J. Comp. Neurol. 250:157-167; Borgens, R.B., et al. (1990) J. 
Comp. Neurol. 296:634-653]. Subsequently, a constant displacement 15 
second compression of the spinal cord was performed using a modified 
forceps possessing a detente [Blight, A.R. (1991) J. Neurolog. Sci. 

30 103:156-171]. In this experiment, the lesioning procedure had previously 
been calibrated to produce an immediate and total loss of CAP conduction 
through the injury and behavioral functioning of the cutaneous trunci 
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muscle reflex (see below). For some SSEP measurements, or to sedate 
animals for behavioral testing and videotaping, guinea pigs were injected 
with 0.1cc Na + Pentobarbital, 50 mg/ml. Surgery and functional testing 
were carried out under protocols approved by the Purdue University Animal 
Care and Use Committee, in accordance with Federal, State, and 
University guidelines governing animal use in research. 

PEG Application 

An aqueous solution of PEG (either 400 or 1800 daltons, 50% by 
weight in distilled water) was applied with a pipette to the exposed injury for 
two minutes in experimental animals, and then removed by aspiration. As 
in prior in vitro experiments [Shi, R. et al. (1999) J. of Neurotrauma 16:727- 
738; Shi, R. and Borgens, R.B. (1999) J. Neurophysiology 81:2406-2414], 
no difference in the response to these two solutions was detected, so these 
data are pooled in this report. The site of PEG application was immediately 
lavaged with isotonic Krebs' solution (124 mM NaCI, 2 mM KCI, 1.24 mM 
KH2PO4, 1.3 mM MgSO-4, 1.2 mM CaCl2, 10 mM dextrose, 26 mM 
NaHC03, and 10 mM sodium ascorbate), and any excess PEG and/or 
Krebs' solution removed by aspiration. Although PEG was not applied to 
the injury in sham - treated animals, the site was lavaged with Krebs' 
solution which was subsequently removed by aspiration. The wounds were 
closed, and animals kept warm until awaking with heat lamps. Guinea pigs 
were housed individually and fed ad libidum. 

In the first experiment, we attempted to repeat the remarkable 
complete reversal of functional loss within minutes of severe spinal injury 
as observed in in vitro trials [Shi, R. et al. (1999) J. of Neurotrauma 16:727- 
738; Shir, R. and Borgens, R.B. (1999) J. Neurophysiology 81:2406-2414]. 
Thus, PEG was applied within about 1 5 minutes of spinal cord compression 
(experimental n = 14, control n = 1 1). In the second experiment, PEG 
application was delayed for about 8 hours (experimental n = 1 1 , control n = 
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11). The former groups were evaluated for about 4 days, and the latter, for 
about 1 month, after PEG application. In both experiments, documentation 
of CTM behavior was combined with physiological recording. 

An additional 4 PEG - treated animals were followed for 1 day post 
injury at which time their spinal cord was again exposed at the site of the 
original injury and crushed again at this location using the same technique 
as reported above. 

Behavioral analysis of the Cutaneus Trunci Muscle (CTM ) reflex 

The CTM behavior is observed as a corrugated rippling of backskin 
in response to light tactile stimulation (FIG. 12B). The behavior is 
dependent on afferent sensory projections organized as a long tract of 
axons in each ventral funiculus of the spinal cord, just lateral to the 
spinothalamic tract [Blight, A.R., et al. (1990) J. Comp. Neurol. 296:614- 
633; Thierault, E. and Diamond, J. (1988) J. Neurophys. 60: 446-463; 
Thierault, E. and Diamond, J. (1988) J. Neurophys. 60: 463-477]. 

Specifically, FIG. 12A shows a diagram of the sensory and motor 
components of the CTM reflex of the guinea pig. Sensory receptors in 
backskin project afferent axons into each thoracic segment on both sides 
via the dorsal cutaneous nerves (den). These enter the spinal cord and 
synapse on second and third order neurons which project their axons (red) 
to the thoracocervical junction. These tracts of ascending nerve fibers are 
located on each side of the spinal cord within the ventral funniculus, lateral 
to the spinothalamic tract. These ascending axons synapse on bilaterally 
located pools of CTM motor neurons located between T-1 and C-6. Motor 
fibers (blue) exit the spinal cord on each side as a component of the 
brachial plexus and innervate the cutaneous trunci muscle of the skin. 
Note that a spinal cord lesion extending across both sides of the cord 
compromises ascending tracts, producing a region of backskin areflexia on 
both sides below the level of the injury. In this region of skin, tactile 
stimulation no longer elicits skin rippling. 
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The reflex is bilaterally organized as segmental receptive fields, 
displays little supraspinal control, and is usually permanently lost following 
severe spinal injury producing a bilateral region of areflexia below the level 
of the lesion [Borgens, R.B., etal., J. Comp.Neurol. 296:634-653; Blight, 
A.R., et al. (1990) J. Comp. Neurol. 296:614-633; Thierault, E. and 
Diamond, J. (1988) J. Neurophys. 60: 446-463; Thierault, E. and Diamond, 
J. (1988) J. Neurophys. 60: 463-477] (FIGS. 12 A and 12C). In such 
cases, recovery of the CTM reflex in response to tactile or electrical 
stimulation within the region of areflexia is usually not observed for the life 
of the animal. The anatomy, physiology, and character of the CTM 
behavior - both normal and in response to lesioning - has been reported in 
both rat and guinea pig [Blight, A.R., et al. (1990) J. Comp. Neurol. 
296:614-633; Thierault, E. and Diamond, J. (1988) J. Neurophys. 60: 446- 
463; Thierault, E. and Diamond, J. (1988) J. Neurophys. 60: 463-477]. 

To visualize and quantify the CTM behavior, a matrix of dots was 
marked onto the backskin of the animal. When the shaved backskin of 
sedated guinea pigs was touched with a monofilament probe, the backskin 
in uninjured or intact receptive fields contracted in response to the tactile 
stimulation (FIG. 12B). The boundary between responsive and 
unresponsive backskin was marked onto the backskin with a marker 
(shown in green) while the entire study period was videotaped from a 
platform mounted camera above. Probing outside this area does not 
evoke skin contraction. 

Animals were arranged on a background grid to facilitate the 
registration of successive video images. Video images were acquired to an 
Intel® Dual Pentium® Pro computer. Superimposing of images, the 
coloring of receptive field boundaries made on the backskin of the animals 
during CTM testing, and the general management of video images was 
performed using Adobe® Photoshop® software. Final Plates were 
constructed with Microsoft® Powerpoint software and printed on an Epson 
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Stylus Color 800 printer. Quantitative planimetry of the unit area of 
receptive fields - or regions of behavioral loss and recovery - was carried 
out using IP Lab Spectrum ™ software. 
Statistics 

5 The Mann Whitney, two-tailed test was used to compare the means 

of the data derived from experimental and sham - treated groups. To 
compare the proportions between groups, Fishers exact test was used. All 
tests were performed using INSTAT software. 

10 RESULTS 

The standardized injury produced a similar loss of CTM functioning 
in experiments testing the response to the immediate application of PEG 
and experiments testing the response to the delayed application of PEG. 
The percent loss of CTM receptive fields (FIG. 12C) was not statistically 
15 different between either of the two experiments or between sham-treated 
and PEG-treated guinea pigs in either experiment (P > 0.4, Student's t test, 
two-tailed). Only one animal died during the course of this study. 

Behavioral Loss and Recovery of the CTM Reflex 
20 In both experiments, 19 of the 22 sham - treated animals did not 

recover CTM functioning, as seen in Tables 2 and 3. 

Table 2. Percent recovery of the CTM 1 reflex in adult guinea 
pigs after immediate treatment with PEG. 



Day 1 


Day 4 








Animal 
Number 


X ± SEM 2 


Range 3 


Stat 4 


Animal 
Number 


X ±SEM 


Range 3 


Stat 5 


Stat 4 


Control 


0/11 


0 


0 


0.0005 


2/11 


0.18 ±1.9 


-15-11 


0.015 


0.006 


PEG- 
Treated 


10/14 


6.2 ±1.4 


0-15.2 


10/14 


13.8 ±3.8 


0-42.1 
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The increase in the area of backskin regaining sensitivity to tactile 
stimulation is given as a percent of the total region of CTM behavioral loss. 
All unit areas in cm 2 were calculated by planimetry from captured video 
images. 

2 X= Mean % Recovery of the CTM Reflex and Standard Error of the Mean 
The range of the control data set at 4 days includes the percent increase 
in the area of CTM loss which is given as a negative number. 
4 P value: proportion of recovered and unrecovered animals evaluated with 
Fishers' exact test, two-tailed. 

5 P value: means compared with Mann Whitney, two tailed test. 



Table 3. Percent recovery of the CTM 1 reflex in adult guinea 
pigs after delayed treatment with PEG. 





Day 1 


Day 3 


2 Weeks 


1 Month 




Animal 
Number 


X ± SEM 2 


Animal 
Number 


X ±SEM 


Animal 
Number 


X ±SEM 


Animal 
Number 


X ± SEM 


Control 


0/11 


0 


1/11 


2.8 ±2.8 


1/11 


2.8 ±2.8 


1/11 


2.8 ±2.8 


PEG- 
Treated 


9/11 


11.8 ±2.9 


9/11 


11.9 ±2.9 


10/11 


15.3 ±3.3 


10/11 


19.5 ±3.02 


Statistic 


0.0002 4 


NA 6 


0.002 4 


0.009 5 


0.0003 4 


0.003 5 


0.0003 4 


0.0008 5 



1 The increase in the area of backskin regaining sensitivity to tactile 
stimulation is given as a percent of the total region of CTM behavioral loss. 
All unit areas in cm 2 were calculated by planimetry from captured video 
images. 

2 X= Mean % Recovery of the CTM Reflex and Standard Error of the Mean 
3 The range of the control data set at 4 days includes the percent increase 
in the area of CTM loss which is given as a negative number. 
4 P value: proportion of recovered and unrecovered animals evaluated with 
Fishers' exact test, two-tailed. 

5 P value: means compared with Mann Whitney, two tailed test. 
Statistical comparison of means not applicable to this data set. 
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During the first experiment, CTM functioning actually worsened by 
day 4 in two control animals (the region of CTM loss increased by 2% and 
15% respectively; Table 1). In contrast, CTM functioning recovered in 10 of 
14 PEG-treated animals in the first experiment (about 80%; FIG. 12D, 
5 Table 2), and in greater than about 90% of experimental animals in the 
second experiment. In all PEG-treated animals, the restored region of 
CTM competent backskin was observed within the first day following 
treatment and continued to increase in size with time (Tables 2 and 3). For 
example, the average unit area of backskin recovering CTM sensitivity 
10 nearly doubled from about 12% (day 1) to about 20% by 1 month post 
application in the second experiment (Table 3). Both the increased 
proportion of animals recovering CTM function, and the average increase in 
the areas of recovered CTM competent backskin in response to PEG, was 
statistically significant (Table 2 and 3). 

15 

EXAMPLE 6 

In Vivo Effect of PEG on Conduction of Somatosensory Evoked 
Potentials Through Crushed Guinea Pig Spinal Cord 

20 This example demonstrates that in vivo application of PEG to an 

injured spinal cord allows for conductance of evoked CAPS, known as 
somatosensory evoked potentials (SSEPs), through the region that was 
injured. 

25 Physiological recording of SSEPs 

A pair of subdermal electrodes stimulated nerve impulses from the 
tibial nerve of the hindleg (stimuli trains in sets of 200 at 3 Hz; stimulus 
amplitude less than or about equal to 3 mA square wave, 200 ps duration). 
Evoked volleys of CAPs were conducted into the spinal cord, projected to, 
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and recorded from, the sensory cortex of the brain. Recording of the nerve 
impulses at the brain employed a pair of subdermal electrodes located 
above the level of the contralateral cortex with reference electrodes located 
in the ipsilateral pinna of the ear. Stimulation, recording, signal averaging, 
and the computer management of this physiological data utilized a Nihon 
Kohden Neuropak 4 stimulator/recorder and PowerMac G3 computer. 

Measurements of SSEPs were carried out in every animal prior to 
spinal cord injury (FIGS. 13A-13D). In all animals (at any test period), the 
failure to record an SSEP following stimulation of the tibial nerve was 
further confirmed to be due to a lack of conduction through the spinal cord 
lesion by a control test carried out on the same animal. In this procedure, 
the medial nerve of the forelimb was stimulated, initiating evoked potentials 
in a neural circuit unaffected by the crush injury (FIGS. 13A-13C). To 
perform this test, recording electrodes were left in place while stimulating 
electrodes were relocated to stimulate the median nerve using identical 
parameters of stimulation. 

Statistics 

The Mann Whitney, two-tailed test was used to compare the means 
of the data derived from experimental and sham - treated groups. To 
compare the proportions between groups, Fishers exact test was used. All 
tests were performed using INSTAT software. 

RESULTS 

Physiological Measurements of Conduction through the Spinal Cord Injury 
Physiological measurements of SSEP conduction were performed in 
every animal prior to spinal cord injury and within 5-15 minutes after 
surgery (FIGS. 13B and 13C; FIGS. 14A-14C) to provide a basis for later 
comparison. In the uninjured animal, SSEPs were typically observed to 
segregate into two peaks; early arriving (latency, about 20-30 ms) and a 
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later arriving SSEP (about 35 - 45 ms; FIGS. 13 B and 13C; FIGS. 14A 
andUB). In the first experiment depicted in FIG. 13C, subsequent records 
were taken at approximately 30 minutes,1hour, 24 hours, and 4 days after 
PEG treatment. In the second experiment , subsequent measurements 
were made approximately 6-8 hours, 18 - 24 hours (data not shown), 3 
days, 2 weeks, and 1 month following the delayed application of PEG. In 
all animals, the failure to record an SSEP following stimulation of the tibial 
nerve was further confirmed to be due to a lack of conduction through the 
injury by a control procedure carried out on the same animal, where the 
medial nerve of the forelimb was stimulated. In all cases, this produced a 
characteristic SSEP for this spinal circuit unaffected by the injury (FIGS. 13 
A-1 3C; FIG. 14B). In this investigation, sham - treated animals never 
regained the ability to conduct SSEPs through the injury site. 

In the first experiment depicted in FIGS. 13B and 13C, a detectable 
SSEP was recorded within a few minutes after PEG application. 
Quantitative evaluation of 10 of these animal's electrical records showed 
that SSEP amplitudes continued to improve - averaging about 40% of their 
preinjury level, and displaying more typical latencies with time (FIGS. 13C 
and 13D). Remarkably, within minutes of the spinal injury, the total loss of 
physiological functioning was reversed in 23 of 25 PEG - treated animals. 
In the two animals that did not immediately respond to PEG application, 
SSEP recovery was later observed at the 2 weeks time-point (FIG. 14C, 
Table 3). In the four animals whose recovered SSEPs were tested by 
reinjury, the second compression of the spinal cord at the original injury site 
completely eliminated recovered SSEPs, confirming these were conducted 
through the lesion. In 9 of 1 1 experimental animals, the delayed 
application of PEG (about 8 hours post injury) produced a detectable SSEP 
within 18 hours (FIG. 14C). 

All 34 PEG - treated animals recovered SSEP conduction contrasted 
to the complete failure of all control guinea pigs to conduct evoked 
potentials through the lesion. Only 3 of 22 sham - treated animals 



recovered CTM function in both experiments, while 20 of 25 PEG - treated 
animals recovered variable amounts of CTM functioning which continued to 
improve with time (Table 2,3). 

5 SUMMARY OF THE RESULTS 

This report is the first to show that an immediate and brief 
application of a hydrophilic fusogen, polyethylene glycol, to the site of a 
severe compression injury to the adult guinea pig spinal cord in vivo results 
in an immediate recovery of nerve impulse conduction and a progressive 

10 recovery of behavioral functioning of the CTM reflex - a quantitative index 
of white matter integrity [Borgens, R.B., et al. (1990) J. Comp. Neurol. 
296:634-653; Blight, A.R., et al. (1990J J. Comp. Neurol 296:614-633; 
Borgens, R.B., et al. (1987) Science 238:366-369]. Furthermore, an 8 hour 
delay in this application still resulted in a similar recovery of these 

15 functions. In sharp contrast, sham - treated animals never recovered the 
ability to conduct nerve impulses, and the minor occurrence of 
spontaneous recovery of CTM function was rare compared to the PEG- 
treated group. 

This report provides clear evidence of a behavioral recovery 
20 dependent on an identified neural circuit within the damaged mammalian 
central nervous system in response to this experimental treatment 
[Borgens, R.B. and Shi, R. (1999) J. Faseb (In press)]. Together with our 
previous reports [Shi, R. and Borgens, R.B. (1999) J. Neurophysiology 
81:2406-2414; Shi, R., et al. (1999) J. of Neurotrauma 16:727-738], this 
25 suggests molecular repair and fusion of nerve membranes as a novel 
treatment of severe trauma to both peripheral nervous system as well as 
central nervous system tissue. 

While the invention has been illustrated and described in detail in the 
drawings and foregoing description, the same is to be considered as 
30 illustrative and not restrictive in character, it being understood that only the 
preferred embodiment has been shown and described and that all changes 
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and modifications that come within the spirit of the invention are desired to 
be protected. In addition, all references cited herein are indicative of the 
level of skill in the art and are hereby incorporated by reference in their 
entirety. 
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CLAIMS 



What is claimed is: 

5 1. A method of treating an injured mammalian spinal cord, 

comprising contacting said spinal cord with an effective amount of a 
polyalkylene glycol. 

2. The method of claim 1, wherein said spinal cord is a severed 
10 spinal cord. 

3. The method of claim 1 , wherein said injured spinal cord is a 
crushed spinal cord. 

15 4. The method of claim 1, wherein said polyalkylene glycol is in 

a pharmaceutical^ acceptable carrier. 

5. The method of claim 4, wherein said carrier is water. 

20 6. The method of claim 1, said method further comprising 

contacting said injured spinal cord with an effective amount of a potassium 
channel blocker before, during or after contacting said spinal cord with said 
polyalkylene glycol 

25 7. The method of claim 6, wherein said potassium channel 

blocker is an amino-substituted pyridine. 

8. The method of claim 7, wherein said amino-substituted 
pyridine is 4-aminopyridine. 

30 
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9. The method of claim 1 , wherein said polyalkylene glycol is 
polyethylene glycol. 

10. The method of claim 9, wherein said polyethylene glycol has 
5 a molecular weight of about 400 daltons to about 3500 daltons. 

11. The method of claim 1, wherein at least one axon is 
contacted with said polyalkylene glycol. 

io 12. A method of treating injured mammalian spinal cord tissue, 

comprising contacting said tissue with polyethylene glycol and a potassium 
channel blocker. 

13. The method of claim 12, wherein said spinal cord tissue is 
15 severed tissue. 

14. The method of claim 13, wherein said spinal cord tissue is 
crushed tissue. 

20 15. The method of claim 12, wherein said polyethylene glycol is 

water-soluble. 

16. A pharmaceutical composition for treating an injured 
mammalian spinal cord, comprising effective amounts of a polyalkylene 

25 glycol and a potassium channel blocker in a pharmaceutically acceptable 
carrier. 

17. The composition of claim 16, wherein said polyalkylene glycol 
is polyethylene glycol. 

30 
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18. The composition of claim 17, wherein said polyethylene glycol 
has a molecular weight of about 400 daltons to about 3500 daltons. 

19. The composition of claim 16, wherein said potassium channel 
blocker is an amino-substituted pyridine. 

20. The composition of claim 16, wherein said amino-substituted 
pyridine is 4-aminopyridine. 

21. The composition of claim 16, wherein said composition 
includes a pharmaceutically acceptable carrier. 
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ABSTRACT 

Methods of treating an injured vertebrate spinal cord are described. 
In one aspect of the invention, a method of treating an injured vertebrate 
spinal cord includes contacting the spinal cord with a biomembrane fusion 
agent such as a polyalkylene glycol, especially polyethylene glycol. In 
alternative embodiments of the invention, methods of treating an injured 
vertebrate spinal cord include contacting the cord with a biomembrane 
fusion agent and a potassium channel blocker. Other aspects of the 
invention include compositions for treating a vertebrate nervous system. A 
preferred composition includes a biomembrane fusion agent, such as a 
polyalkylene glycol, and a potassium channel blocker, such as an amino- 
substituted pyridine. 
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